A signal that causes the elongation complex to stall temporarily.
.
The distance between the promoter and the terminator can be up to 10 5 bp in bacteria, but the transcribing enzyme must traverse it in just one attempt. RNAP initiates RNA synthesis de novo from single nucleoside 5′-triphosphates (NTPs) and, although it may sometimes use short 2-4-nucleotide RNAs as primers 2 , longer prematurely released RNAs are irreversibly lost.
At most positions along the DNA template, the transcription elongation complex (FIG. 1) is very stable and can move against a large applied force 3 , rapidly adding 1 nucleotide and moving 1 nucleotide forward at each step. However, certain nucleic acid signals and auxiliary factors may slow RNAP down (at a pause site), induce it to move backwards a few steps (at an arrest site) or trigger its dissociation from RNA and DNA (at a terminator). Some of these signals serve as checkpoints of gene expression; for example, a pause may mediate recruitment of a regulatory factor to the RNAP 4, 5 or provide sufficient time for the ribosome to initiate translation 6 . Other signals are simply roadblocks that the enzyme must bypass to complete synthesis of an RNA chain; for example, sequences that favour backtracking and arrest 7 or proteins that are bound to DNA 8 hinder RNAP movement. Successful execution of the gene expression programme requires that RNAP properly responds to the genuine regulatory signals and avoids falling into spurious traps along the way.
In this Review, we describe bacterial antitermination mechanisms that suppress the action of terminators and termination factors to increase the expression of downstream genes. Some antitermination factors allow bypass of a single terminator in response to a regulatory signal, whereas others act on RNAP to increase its processivity. The second mechanism could be particularly important in higher eukaryotes, in which it can take hours for RNAP to transcribe genes, as they are tightly packaged into nucleosomes and can be very long (for example, the human dystrophin gene is 2.4 × 10 6 bp). Given that the structural and functional organization of all cellular RNAPs is remarkably conserved 9 , lessons learned from bacteria have been, and will probably be in the future, applicable to higher organisms.
Bacterial termination signals
Termination signals have a dramatic effect on the elongation complex, which normally has a half-life of days, but falls apart within seconds when reaching a terminator. Terminators serve as punctuation marks that demarcate gene boundaries and as targets for regulation. They can be grouped into two classes: intrinsic and factor-dependent terminators (FIG. 2) .
At intrinsic sites, a nucleic acid signal triggers elongation complex dissociation. Recognition of these signals by the elongation complex does not require any factors but can be enhanced by accessory proteins, such as the general transcription elongation protein NusA 10 . A canonical intrinsic terminator that has been characterized in great detail in Escherichia coli is an RNA signal composed of a GC-rich RNA hairpin followed by a run Nature Reviews | Microbiology 
R-loops
DNA loops behind RNA polymerase that are created when the nascent RNA invades the DNA duplex and pairs with the template DNA strand.
rrn operons
The operons that contain ribosomal RNA and tRNA genes.
Leader regions
Regions of DNA that separate promoters from structural genes. Leaders play diverse regulatory roles as riboswitches, attenuators and targets for auxiliary factors.
of U residues. Termination occurs in two steps: RNAP pausing within the U track 11 , followed by RNA release. In contrast to the direct role of RNA hairpins that induce pausing by interactions with the β-flap domain of RNAP 12 , the role of the termination hairpin appears to be indirect as it can be replaced by oligonucleotides that pair to the nascent RNA to mimic the hairpin [13] [14] [15] [16] . Intrinsic terminator signals can be easily identified by computational approaches and generate ~80% of the RNA ends in E. coli 17 . However, Thermus thermophilus RNAP responds poorly to canonical E. coli terminators in vitro 18 , and many bacterial and archaeal genomes lack intrinsic terminator signals, implying the existence of a different type of signal or dependence on a termination factor in these species 19 .
Termination at factor-dependent signals depends on the action of a regulatory protein, such as Rho 20 . Rhodependent termination generates the 3′ ends of ~20% of messages, including both mRNAs and stable small RNAs, and may regulate widespread antisense transcription 17 . Rho also carries out several quality control tasks within genes: it mediates polarity 21 , guards E. coli against expression of horizontally acquired DNA 22 and helps to resolve deleterious R-loops 23 . Rho has been proposed to remove the slow RNAPs that escaped modification to an antitermination state from the rrn operons 24 and, most recently, to guard the chromosome against double-stranded DNA breaks by removing obstructing elongation complexes from the path of an advancing replisome 25 . In every case, Rho acts on a naked nascent transcript that is not engaged in translation or bound to RNA-binding proteins.
Rho-dependent termination signals are complex and cannot be easily predicted by sequence analysis. The Rho utilization (rut) site is a pyrimidine-rich RNA element that is over 30-nucleotides long which can be separated from the site of its action by hundreds of nucleotides 26 . Rho is an ATP-dependent translocase that binds to unstructured and ribosome-free RNAs and uses the energy that is liberated from ATP hydrolysis to move along the transcript until it catches up with the elongation complex 27 . Rho can then use its translocase activity to push the RNAP forward or pull the nascent RNA out, or use its helicase activity to unwind the RNA-DNA hybrid. Even though recent studies suggest that Rho can associate with RNAP throughout all the steps of transcription 28, 29 , it drives RNA release only at certain sites 17 . The positions at which Rho induces RNA release frequently correspond to the pause sites where RNAP halts in the absence of Rho 30 . Whether Rho contacts RNAP at all times or only at a terminator site, it must be recruited to -and translocate along -the RNA to induce its release from the elongation complex.
Types of antitermination mechanisms
Given the dramatic outcome of termination, mechanisms that control it would be expected to have similarly dramatic effects on gene expression. Proteins, small molecules, RNAs and even temperature can modulate the efficiency of termination, thereby affecting the expression of downstream genes. Antiterminators can have a passive or an active effect on RNAP. In the first case, the action of the termination signal itself is compromised (for example, by the antiterminator preventing the formation of the RNA hairpin or the action of Rho), but RNAP is unaltered. For example, factors that inhibit Rho binding to RNA or translocating along the RNA (such as YaeO 31 and the phage protein polarity suppression protein (Psu) 32 , respectively) will inhibit termination. In the second case, the action of a bound protein or RNA promotes RNAP bypassing otherwise functional termination signals. In this scenario, also called processive antitermination 33 , RNAP reads through many consecutive terminators.
Overriding a single terminator
The majority of known antitermination mechanisms are passive (TABLE 1) and are specific for intrinsic terminators, in part because these signals are simple and induce termination at a defined position. Exclusion of Rho binding has also been reported 34 , but this is a unique case. The transcribed leader regions of many operons fold into at least two mutually exclusive RNA structures: a terminator and an antiterminator (FIG. 3a) . Switching between different conformations of the leader, and thus the expression of the downstream structural genes, is controlled by diverse regulators that include accessory proteins, small molecules, uncharged tRNAs and translating ribosomes. Importantly, once the RNA structure is formed, it cannot be remodelled within the timescale of transcription. Thus, each effector must act while the regulatory region is being transcribed. In this Review, we briefly describe a few examples; several excellent reviews offer a comprehensive overview of these mechanisms [35] [36] [37] [38] . Figure 1 | Schematic model of the elongation complex. Core RNA polymerase (RNAP) (in bacteria, a complex composed of an α-dimer, a β-subunit, a β′-subunit and an ω-subunit) is bound to the DNA duplex composed of the template strand (black) and the non-template strand (blue), and the nascent RNA (red). The α-amino-terminal domains (α-NTDs) serve as a scaffold for complex assembly; the α-carboxy-terminal domains (α-CTDs) and ω-subunit play regulatory roles during initiation. The β-and β′-subunits jointly form the active site and make all the contacts to the nucleic acids. The substrate nucleoside 5′-triphosphate (NTP) (bound to a second Mg 2+ ion) is thought to enter through the secondary channel. 12-14 bp of the DNA are melted in the transcription bubble. The non-template DNA strand is exposed on the surface, where it may interact with regulatory proteins. The nascent RNA is annealed to the template strand to form 8-9 bp of the RNA-DNA hybrid, which is the key determinant of elongation complex stability 7, 98, 99 . The upstream RNA is extruded through the RNA exit channel formed between the β-flap and β′-clamp. Antitermination by an RNA-bound protein.
Many proteins bind to RNA and disfavour formation of RNA hairpins, either directly (by preferentially binding to single-stranded RNA) or indirectly (by stabilizing a competitive alternative structure). In most cases, the RNA binding is sequence specific, and the antitermination activity regulates expression of only a few genes. An exception is the global response to low temperature mediated by cold shock proteins, which are RNA chaperones that are overproduced after a temperature downshift and that bind and stabilize single-stranded RNAs 39 . Binding of site-specific antiterminators to RNA is usually controlled by conformational changes in the antiterminator upon ligand binding or as a result of covalent modification such as phosphorylation. The structural basis of the underlying molecular mechanisms has been described for only a few RNA-binding regulators. Among these are antiterminator proteins His utilization (hut) operon positive regulatory protein (HutP) 40 , PtsGHI operon antiterminator GlcT 41 and transcription antiterminator LicT 42 . HutP regulates the hut operon in Bacillus subtilis in response to l-His. A HutP hexamer binds to an untranslated RNA region that separates the hutP gene from the downstream genes encoding enzymes which degrade His. HutP binds RNA only when activated by His, which induces significant structural rearrangements of the residues involved in RNA binding 40 . HutP binds to six NAG triplets, three just upstream of and three within the terminator structure. Binding of HutP disrupts the terminator and allows expression of the hut genes 43 . Several homologous antitermination systems regulate the expression of sugar-metabolizing operons in B. subtilis 44 . Each of these systems is composed of a sensory sugar permease, an antiterminator protein and a regulatory RNA region that folds into at least two mutually exclusive structures. GlcT is a dimeric antiterminator that binds to the leader of the ptsG gene, which encodes a glucose permease. GlcT binds to and stabilizes an antiterminator hairpin, thereby preventing the formation of an overlapping terminator and allowing transcription into the ptsG gene. This regulatory system couples the availability of the inducer, glucose, to the phosphorylation state of the antiterminator: only the nonphosphorylated GlcT can form a dimer and bind RNA 41 .
In the absence of glucose, the permease transfers a phosphate to a His residue on GlcT, thereby inactivating the antiterminator. If glucose is present, the phosphate groups are transferred from PtsG to the sugar instead. In LicT, an antiterminator homologous to GlcT that controls transport and metabolism of β-glucosides, the sensor domain is connected to the RNA-binding domain by a linker that undergoes a helix-coil transition upon inducer binding to allow LicT to bind its RNA target 42 . The related antiterminator, BglG, is regulated both by reversible phosphorylation and by sequestration into an inactive complex 45 . Regulators that contain ANTAR RNA-binding domains 46 may use similar mechanisms to block terminator hairpin formation 47, 48 .
Antitermination by a stalled ribosome. In most Gramnegative bacteria, the ribosome controls expression of amino acid biosynthesis operons in response to the availability of the cognate amino acid by sensing the level of charged tRNA 49 . In the E. coli trp operon, a small leader peptide contains two tandem Trp codons (FIG. 3b) . When the levels of Trp and charged tRNA Trp are high, the ribosome completes the synthesis of the leader peptide, the terminator forms and RNAP is released. Conversely, at low levels of charged tRNA Trp the ribosome stalls within the leader peptide, which allows the antiterminator hairpin to form; the RNAP then proceeds into the Trp biosynthesis genes. Ribosome stalling is also used to control expression of the E. coli tna operon, which allows bacteria to use Trp as a nitrogen or carbon source. The structural tryptophanase genes are preceded by a leader region that encodes a short peptide, the tryptophanase leader peptide (TnaC). In the absence of Trp, Rho terminates transcription downstream of the tnaC stop codon 50 . When Trp is present, it binds to the ribosome and inhibits RF2-mediated cleavage of the nascent leader peptide, stalling the ribosome . At Rho-dependent terminators, a Rho utilization (rut) element (orange) encoded in the nascent RNA binds to Rho. The initial Rho-rut interactions trigger formation of a stable complex in which the Rho hexamer encircles the RNA and translocates towards RNA polymerase (RNAP). Contacts with rut may persist 115 until Rho reaches RNAP at the actual site of RNA release, which may be located far downstream; however, recent data suggest that Rho-rut contacts are lost earlier 116, 117 . The carboxy-terminal domain of NusG binds to Rho and strongly stimulates its activity in vivo and in vitro 67, 68 .
that is translating tnaC mRNA 51 . The stalled ribosome occupies the overlapping rut sequences, thus preventing Rho binding and increasing transcription of the tna operon 50 .
Antitermination by uncharged tRNAs. In most Grampositive bacteria, tRNA charging is sensed directlyindependently of the ribosome 52 -through interactions between the tRNA and the leader transcript, which also encodes a terminator and an alternative antiterminator 53 . The antiterminator includes a conserved 14-nucleotide sequence called the T-box (see REF. 54 for a recent review). Expression of genes that are regulated by a T-box (including genes that encode proteins involved in amino acid metabolism and the aminoacyl tRNA synthetases) is induced by stabilization of an antiterminator in the leader RNA by the cognate uncharged tRNA. The specificity of this response depends on a specifier codon in the leader that pairs with the anticodon of the corresponding tRNA 53 . Interactions between a T-box leader mRNA (some of which fold into very complex structures) and a tRNA are independent of accessory proteins, involve several parts of the tRNA, are accompanied by structural changes in both partners and are kinetically controlled 54 . Direct sensing of tRNA charging may also be used to co-regulate the translational capacity of the cell in response to stress 55 .
Antitermination by a small molecule. Riboswitches are mRNA leader regions that undergo structural rearrangements 56 in response to changes in cellular ion concentrations 57 or upon binding of a small molecule such as flavin mononucleotide, a purine, lysine, S-adenosyll-methionine and thiamin pyrophosphate (recently reviewed in REFS 35, 37, 58) . These ligands bind to their RNA targets with high affinity and selectivity in the absence of accessory proteins [59] [60] [61] . Riboswitches encode various regulatory elements: binding of an effector favours one structural configuration of the riboswitch over another, thereby altering expression of the downstream genes. Most known riboswitches stabilize an 'off ' state; however, the leader of the B. subtilis gene ydhL (which encodes an adenine efflux pump) folds into a very stable terminator structure that is disrupted upon binding to adenine 62 , leading to derepression of the gene. As the mechanism of switching is conceptually the same whether a terminator or an antiterminator is favoured, other riboswitches that activate expression are likely to exist.
Antitermination by translation. Transcription and translation are coupled in bacteria and archaea 63, 64 , allowing for their coordinated regulation. Concurrent translation plays a key part in uninterrupted RNA synthesis 27, 65 ; if a message is not translated (for example, when a premature nonsense codon is inserted), it will be terminated by the action of Rho, unless the RNAP is modified by an antiterminator (see below). In In another model, the ribosome competes with Rho for binding to NusG 66 . Contacts between Rho and NusG, which play a key part in Rho-mediated termination 67, 68 , cannot be established if NusG forms a complex with the 30S ribosomal protein S10 (also known as NusE), as recently observed by NMR 69 . Interactions between NusG and S10 are thought to tether the trailing ribosome to the elongation complex to establish a functional connection between the two complexes 69 , which controls the rate of transcription in response to the cellular translational capacity 70 . Thus, a tethered ribosome may function as an antiterminator by preventing Rho binding to mRNA, inhibiting Rho-mediated RNA release by sequestering the Rho-interaction surface on NusG, and blocking formation of a terminator hairpin. The trailing ribosome may also push RNAP forward, inhibiting pausing and preventing transcription arrest 70 .
Bypassing multiple consecutive terminators
The signal-specific mechanisms described above balance gene expression of the target operon in response to a regulatory signal, such as the concentration of a metabolite. By contrast, processive antitermination mechanisms increase the probability that RNAP reaches the end of an operon containing several intragenic termination signals. Phage and bacterial antiterminators differ in several respects: phage regulators typically modify RNAP to allow read-through of all terminators, whereas the bacterial regulators ribosomal protein S4 and RfaH do not have strong effects at intrinsic sites 5, 71 . Some bacterial antiterminators may have evolved to decrease the efficiency of intrinsic terminators, but inhibition of the activity of Rho is probably their main target. The essential ribosomal RNA operons are not translated and would be an easy target for Rho in the absence of the S4-containing rrn antitermination complex. Many other key genes in bacteria (such as the cell wall biosynthesis operons, which are the targets of RfaH) have been acquired through horizontal transfer and are translated inefficiently because of their codon bias; transcription of these genes would be terminated by Rho 22 unless an anti-Rho mechanism were in place. In addition, cellular antiterminators should permit RNAP release at the end of an operon, and most of the intergenic terminators are intrinsic 17 . By contrast, phage antiterminators are likely to have a more complex set of tasks to execute. Numerous hairpin-dependent and Rho-dependent terminators exist in the genome of phage λ, and some of these signals are conserved in other lambdoid phages, suggesting that they may play important roles during the phage life cycle. Many proposals have been offered to explain why phage λ retained its terminators and antiterminators, from stabilization of the lysogenic state by the phage λ protein N to a rapid restart of late gene transcription by phage λ protein Q 72 . How can a regulator prevent termination at multiple sites? The current model of transcript elongation control posits that RNAP undergoes structural rearrangements at certain sites in response to signals that are encoded in DNA and RNA (FIG. 4) . These rearrangements lead to the formation of an 'elemental pause' state from which longlived pause, arrest and termination intermediates arise 73 . The elemental pause state forms from a pre-translocated elongation complex and is characterized by a frayed 3′ end of the nascent RNA 74 that precludes rapid nucleotide addition. There are three mechanisms by which an antiterminator can act on RNA: it can favour the After the enzyme has added a nucleotide to the nascent RNA, the enzyme is in the 'pre-translocated state' where the 3′ nucleotide of the RNA occupies the downstream half of the active site. The enzyme then translocates along the DNA to form the 'post-translocated state', in which the 3′ OH group of the nascent RNA is positioned in the upstream half of the active site, and the incoming nucleoside 5′-triphosphate (NTP) can readily bind to the vacant downstream half-site of the active site and is subsequently incorporated into the RNA. When the RNAP reaches a pause site, the 3′ OH group remains in the pre-translocated configuration, inhibiting binding of the NTP substrate, and the active site undergoes a rearrangement to yield the elemental pause intermediate in which the 3′ OH may be frayed 74, 109 . From this intermediate, RNAP can either escape upon addition of another nucleotide or isomerize into a termination complex. Two mechanisms for formation of the termination complex are currently debated. In the first (shearing or hyper-translocation) model, the RNA 3′ end is lost from the active site when the nascent RNA is pulled upstream by Rho or an RNA hairpin or when the RNAP is pushed forward 14, 15, 104 . In the second (allosteric) model, Rho or terminator hairpin formation induces dramatic changes within the complex (indicated by an altered shape of the enzyme) but the 3′ end of the RNA is retained in the active site 28, 101 . An antiterminator protein can directly block formation of the termination complex, prevent isomerization into the elemental pause or stabilize the elongation complex against dissociation. post-translocated state of the elongation complex; it can anchor the 3′ end in the active site; and it can block Rho access to the RNA or prevent formation of the terminator hairpin. The first two mechanisms will necessarily affect both intrinsic and factor-dependent terminators, as well as RNAP pausing and arrest, whereas the third mechanism can be signal specific. We briefly describe the known antitermination mechanisms (FIG. 5) below and discuss E. coli RfaH as an example of an antiterminator that uses several strategies to maximize its effects.
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Phage λ protein N. N was the first reported example of an antiterminator. It allows the transition between the early and middle stages of phage λ transcription by suppressing several Rho-dependent terminators 20 . N is recruited to the elongation complex through interactions with an N utilization (nut) RNA hairpin (FIG. 5a) and can act alone in the vicinity of the nut site 75 ; however, its action at a distance requires the assembly of a multipartite complex that includes the bacterial NusA, NusB, S10 and NusG proteins 76 . N suppresses pausing and termination at both intrinsic and Rho-dependent sites, in part by stabilizing the elongation complex, thereby preventing RNAP dissociation 77 . At intrinsic termination sites, N, in conjunction with NusA, is proposed to bind to the 5′ portion of the terminator hairpin and preclude its formation 78 . It is not known whether the N-containing antiterminator complex actively inhibits Rho by blocking its access to RNA 79 or simply speeds up the RNAP, allowing it to escape from the advancing Rho.
Phage λ protein Q. Q mediates antitermination in the phage λ late operon. During recruitment, a Q dimer interacts with a specific double-stranded DNA site (the Q utilization (qut) site) just upstream of the transcription start site of the late promoter, P R′ , and with region 4 of initiation factor-σ (REF. 80 ) in an elongation complex paused near the late promoter 4 (FIG. 5b) . After recruitment, Q travels with RNAP over long distances and modifies the enzyme into a termination-resistant form; Q activity is enhanced by NusA in vitro, but it is unclear whether other cellular factors are involved 81 . The model for Q-mediated antitermination 14 suggests that Q acts by inhibiting pausing and, thus, increasing the kinetic barrier to termination and interfering with the formation of a terminator hairpin. Acting jointly with NusA, Q protects the nascent RNA from the action of Rho and termination-inducing oligonucleotides, which anneal to the nascent RNA to mimic the hairpin 16 , implying that Q and NusA form a shield around the transcript. The recent identification of the β-flap of RNAP as a target of Q is consistent with this direct exclusion mechanism and suggests an explanation for the Q-mediated stabilization of the elongation complex 82 . When it acts by itself, Q is likely to prevent termination through its anti-pausing activity 16 . Antitermination in the rRNA operons. The untranslated rrn operons are especially vulnerable to termination by Rho owing to their length and lack of translation. Several mechanisms of antitermination prevent the effect of Rho in these operons. First, ribosomal RNA transcripts fold into elaborate secondary structures that can mask rut sites. Second, ribosomal proteins interact with the nascent rRNA co-transcriptionally 83 , shielding the transcript from Rho. Third, an rrn antitermination complex modifies the RNAP into a Rho-resistant state 84 . This a | Antitermination by phage λ protein N requires assembly of a large ribonucleoprotein complex on two RNA elements, boxA and the N utilization (nut) RNA hairpin. N can directly bind the nut hairpin on its own and it allows RNAP to read through a single terminator 118 (left). However, establishing the long-lived termination-resistant modification of RNAP also requires several host Nus proteins (NusA, NusB, 30S ribosomal protein S10 (also known as NusE) and NusG) to stabilize the antiterminator complex through a network of interactions (right) 76 . b | Phage λ protein Q recruitment to RNAP requires the Q utilization (qut) DNA element, which overlaps the promoter and directly binds to Q, and a promoter-proximal pause, which is induced by interactions of region 2 of initiation factor-σ with a -10-like promoter element in the transcribed DNA 81 ; σ-factor region 4 also interacts with Q (REF. 80 ). After recruitment, Q turns into an RNAP subunit and modifies the enzyme into a processive state. NusA can stimulate Q activity. c | Antitermination by polymerase utilization (put) RNA is independent of accessory proteins but does require stable binding of put RNA to the enzyme 119 . d | The amino-terminal domain (NTD) of RfaH binds to the non-template DNA in the elongation complex paused at the operon polarity suppressor (ops) site (left), triggering domain dissociation, which in turn unmasks the site that binds to the β′-clamp helices 92 . RfaH remains bound to the elongation complex through the NTD contacts with the β′-clamp helices, β-gate loop and non-template DNA (right). CTD, carboxy-terminal domain.
Zinc-finger
A small protein motif in which the structure is stabilized by a bound Zn 2+ ion.
Transcription bubble
A 12-14-nucleotide region in which the template and the non-template DNA strands are separated by the RNA polymerase.
complex is composed of the same nucleic acid and protein determinants as the phage λ N complex 85 , except that N is substituted with S4, which directly binds to RNAP and can act as an antiterminator on its own 71 . It is unknown whether Rho activity is inhibited directly (by steric occlusion) or kinetically (the synthesis rate of rRNA is much higher than that of coding genes) and whether S4 is the key antiterminator in this complex.
Phage HK022 put RNAs. The transcripts of the genes polymerase utilization L (putL) and putR fold into two RNA stem-loop structures (FIG. 5c) . One arm of each put RNA binds directly to RNAP throughout elongation; put-modified enzymes transcribe at faster rates than enzymes that are not bound by put RNAs and read through terminators located thousands of base pairs downstream 86 . The activity of the put transcripts can be reconstituted in vitro in the absence of accessory factors and is thought to be mediated by a direct interaction with the β′-zinc-finger 87 .The put RNAs inhibit RNAP backtracking near the site of recruitment by blocking the re-entry of the transcript into the RNA exit channel 88 , but the mechanism of long-range antitermination modification and the involvement of any cellular proteins remain unknown. A recently described cis-acting RNA element (eps-associated RNA) that activates expression of exopolysaccharide genes in B. subtilis 89 may use a similar mechanism to modify RNAP into the antitermination state.
RfaH. RfaH is a specialized paralogue of NusG that increases the expression of distal genes in several operons in E. coli and related bacteria 90 . Unlike NusG, which is essential in wild-type E. coli 68 and is associated with RNAP during transcription of most of the E. coli str. K12 substr. MG1655 genes 29 , RfaH is dispensable for growth of commensal E. coli and targets only those operons that have a 12-nucleotide operon polarity suppressor (ops) element in their untranslated leader regions 91 . The ops element (FIG. 5d) mediates sequence-specific binding of RfaH to the non-template DNA 5 and may induce elongation complex isomerization into the distinct state that is necessary for RfaH recruitment. After recruitment, RfaH remains bound to RNAP throughout the transcription of an entire operon in vivo 91 and reduces pausing and termination in vitro 91, 92 . E. coli RfaH and NusG consist of two domains 92, 93 . The amino-terminal domains are very similar; they interact with the β′-clamp helices and mediate the antipausing effects of RfaH and NusG in vitro. By contrast, the carboxy-terminal domains of these two proteins have very different structures (an α-helical hairpin in RfaH and a β-barrel in NusG) and confer protein-specific functions. In RfaH, the C-terminal domain masks the RNAP-binding site on the N-terminal domain unless the ops site is present in the transcribed DNA, thereby restricting RfaH action to ops-containing operons 92 . In NusG, the C-terminal domain interacts with Rho to increase Rho-dependent termination 93, 94 and with the ribosomal protein S10 to couple transcription to translation 69, 70 .
Recent studies reveal that NusG and RfaH have opposite regulatory roles in the cell. NusG acts in concert with Rho to inhibit the expression of foreign genes 22 , whereas RfaH inhibits Rho action and, thus, activates expression of laterally acquired genes 91 . RfaH reduces Rho-mediated polarity by several independent mechanisms. First, RfaH tightly binds to the β′-clamp helices and competes against a large excess of NusG 91 or σ-factor 95 in vitro. NusG is also absent from RfaH-controlled operons in vivo 91 . Thus, RfaH excludes NusG from the elongation complex, thereby inhibiting Rho-mediated RNA release. Second, RfaH modifies RNAP into a pauseresistant state, thereby inhibiting Rho, which preferentially targets paused RNAPs 30 . This effect is composed of two components. RfaH induces forward translocation of RNAP 96 , which is likely to be because it favours the DNA strand reannealing at the upstream portion of the transcription bubble, and RfaH may also inhibit isomerization into the elemental pause state (FIG. 4) by controlling the β′-clamp movements through its contacts with the β′-clamp helices 96 . Finally, RfaH may limit Rho access to poorly translated ops-containing operons by recruiting ribosomes. We argue that the stable in vivo association of RfaH with the elongation complex 91 requires sequestration of the RfaH C-terminal domain, probably by the ribosome. Such an interaction has been detected directly 97 , but it remains unknown whether, similarly to the NusG-elongation complex interaction 69 , it has a regulatory role.
Summary and perspectives
Two classes of regulators help RNAP to read through terminators. The larger class comprises proteins, RNAs and small molecules that act on a terminator. These regulators control transcription in response to, for example, metabolites, cellular translation capacity and environmental conditions. Their mechanisms are incredibly diverse but share a common theme: they all affect the elongation complex indirectly. By contrast, regulators from the second class modify RNAP into a processive, pause-and terminator-resistant state.
Although antiterminator proteins have been studied for more than 40 years 33 , the molecular mechanism of antitermination has been slow to emerge. First, the structures of antiterminators and their binding sites on the elongation complex remained unknown. Second, the detailed molecular mechanism of termination remains unclear, in part owing to the transient nature of termination intermediates that are difficult to characterize even in solution, let alone capture in a crystal.
The RNA-DNA hybrid is the key element that determines the high stability of the elongation complex 7, 98, 99 . Three models can explain how Rho or a terminator hairpin destabilizes the hybrid, bringing about the dissociation of the elongation complex (see REFS 66, 100 for detailed analyses). In the allosteric model, structural changes in the active-site cleft that are induced by an RNA hairpin 12, 101 or Rho 28 weaken interactions with the hybrid and destabilize the elongation complex. In the forward translocation model, RNAP is pushed forward without adding nucleotides to the RNA, thereby shortening the hybrid using the energy of hairpin formation, or ATP hydrolysis by Rho or Mfd (also known as TRCF) 15, 102 , or the energy of Trp RNA-binding attenuation protein (TRAP) binding 103 . In the hybrid-shearing model, the RNA is extracted from the stationary RNAP in the absence of translocation 11, 104 , and the elongation complex dissociates. Some biochemical data argue in favour of the allosteric model of intrinsic termination 101 , whereas other biochemical and single-molecule analyses support either the forward translocation or the shearing mechanism, depending on the signal 15, [104] [105] [106] . A combination of approaches and analysis of diverse termination signals will be required to identify the features that dictate the preferred termination pathway at each site.
During termination, RNAP interactions with the nascent RNA are altered, and pausing is thought to precede RNA release. An antiterminator can shield the RNA near the exit channel or inhibit pausing, thereby kinetically favouring the elongation pathway. The exit channel is formed between two mobile domains: the β-flap and the β′-clamp (which includes the clamp helices and several flexible loops, the lid, the zipper and the zinc-finger (FIG. 6) ). An antiterminator that stabilizes the RNA in the exit channel through contacts with either the β-flap or β′-clamp will resist the action of Rho or a nascent hairpin. Indeed, many antiterminators appear to target the exit channel: Q binds to the β-flap 82 , N binds to the nut hairpin that probably binds to NusA and the β-flap 12, 78, 107 , put RNA is likely to interact with the β′-zinc-finger 88 , and phage Xp10 p7 protein binds to the N terminus of the β′-subunit that is disordered in all current structures but may lie near the RNA exit 108 . N appears to inhibit formation of the terminator hairpin 78 . Q, acting in concert with NusA, protects ~10 additional nucleotides of the emerging transcript from nuclease digestion and resists the action of Rho and hairpin-mimicking oligonucleotides 16 . Anti-pausing activity is also common among antiterminators but its detailed mechanism remains unknown. Antiterminators may target the RNAP clamp 73 because the closed state of the clamp is thought to be required for processive elongation. At a pause site, the clamp may partially open to allow for the fraying of the 3′ nucleotide out of the active site 74, 109 . At a terminator, the clamp could open even further to permit release of the DNA; the allosteric models of termination invoke large movements of the clamp 28, 101 . By stabilizing the clamp, a regulator could favour the active, catalytically competent state of the elongation complex. Our recent studies suggest that RfaH reduces pausing by this mechanism. RfaH binds simultaneously to the β′-clamp helices and β-gate loop 110 , the two elements located on the opposite sides of the main channel (FIG. 6) , and bridges the gap across the downstream DNA. The continuous clamp formed by the β′-clamp helices, RfaH and β-gate loop ensures that the clamp remains locked even when the RNAP encounters a pause signal. Other, structurally unrelated proteins may inhibit pausing and termination by locking the clamp through binding to the same or different determinants on RNAP.
The clamp locking mechanism may be ancient and ubiquitous. In all domains of life, RNAP must overcome numerous barriers, such as sequences that induce pausing, DNA-bound regulators or DNA-packaging proteins (for example, nucleoid-associated proteins in bacteria and crenarchaeota, and nucleosomes in eukaryotes and euryarchaeota). The structural organization of the multisubunit RNAPs is highly conserved, suggesting that control of RNAP processivity is also universal. Indeed, RfaH belongs to the only known group of ubi quitous transcription elongation factors 111 , and the archaeal Spt5 protein has been reported to increase elongation through contacts to the clamp helices 112 and to bridge the main channel 113, 114 . Recent structural studies of RNAP and its complexes, genome-wide localization of transcription factors, single-molecule analyses and conventional solution studies have led to tremendous advances in our understanding of the mechanism and regulation of RNA chain elongation. To understand termination and its control by accessory factors, we must now probe the structure and dynamics of termination intermediates in real time. 2+ ion (magenta) and Zn 2+ ion (black) in the zinc-finger motif are shown. The amino terminus of the β′-subunit is marked with a green sphere. The target sites for the antitermination factors are shown as transparent ovals. RfaH has two targets, the β′-clamp helices and the β-gate loop. N, phage λ protein N; put, polymerase utilization; Q, phage λ protein Q.
